irect electrical stimulation mapping (ESM) is currently a gold standard for defining eloquent language-related cortical brain areas in neurosurgical operations involving tumor and vascular malformation removal. A significant body of literature documents the usefulness of tasks controlling for language performance while direct electrical current is applied to the patient's cortex. Traditionally, language mapping procedures started with simple object-naming tasks. 33 This simple task allowed one to capture a variety of errors and still is the most commonly used task. 12, 15, 41, 42 Recently, more developed protocols have come into play allowing for the exploration of more sophisticated facets of language processing such as verb generation, 19, 33, 42 spontaneous speech abbreviations AF = arcuate fasciculus; CA = conduction aphasia; CUSA = cavitron ultrasonic surgical aspirator; DTI = diffusion tensor imaging; ESM = electrical stimulation mapping; MNI = Montreal Neurological Institute; NWR = nonword repetition; ROI = region of interest; Spt = sylvian parietotemporal; WR = word repetition. obJective Subcortical electrical stimulation during brain surgery may allow localization of functionally crucial white matter fibers and thus tailoring of the tumor resection according to its functional limits. The arcuate fasciculus (AF) is a white matter bundle connecting frontal, temporal, and parietal cortical areas that is often disrupted by left brain lesions. It plays a critical role in several cognitive functions related to phonological processing, but current intraoperative monitoring methods do not yet allow mapping of this tract with sufficient precision. In the present study the authors aimed to test a new paradigm for the intraoperative monitoring of the AF. MethoDs In this report, the authors studied 12 patients undergoing awake brain surgery for tumor resection with a related risk of AF damage. To preserve AF integrity and the cognitive processes sustained by this tract in the intraoperative context, the authors used real word repetition (WR) and nonword repetition (NWR) tasks as complements to standard picture naming. resUlts Compared with the errors identified by WR or picture naming, the NWR task allowed the detection of subtle errors possibly related to AF alterations. Moreover, only 3 patients demonstrated phonological paraphasias in standard picture naming, and in 2 of these patients the paraphasias co-occurred with the total loss of WR and NWR ability. Before surgery, lesion volume predicted a patient's NWR performance. conclUsions The authors suggest that monitoring NWR intraoperatively may complement the standard naming tasks and could permit better preservation of the important language production functions subserved by the AF. 
D
irect electrical stimulation mapping (ESM) is currently a gold standard for defining eloquent language-related cortical brain areas in neurosurgical operations involving tumor and vascular malformation removal. A significant body of literature documents the usefulness of tasks controlling for language performance while direct electrical current is applied to the patient's cortex. Traditionally, language mapping procedures started with simple object-naming tasks. 33 This simple task allowed one to capture a variety of errors and still is the most commonly used task. 12, 15, 41, 42 Recently, more developed protocols have come into play allowing for the exploration of more sophisticated facets of language processing such as verb generation, 19, 33, 42 spontaneous speech production, 12, 13 comprehension and semantic processing, 45 semantic and phonological fluency, 2,54 sentence processing, 42 reading, 44 and writing. 30 However, these tasks are mostly designed for ESM procedures at the cortical level, and in most cases the treated lesions do not only affect the cortex but also infiltrate the deep white matter, disturbing crucial subcortical connectivity. For this reason and to prevent potential postoperative impairments, it is important to evaluate the function of the most important white matter fiber bundles adjacent to resected tumor during electrical subcortical stimulation. In this context the routine use of neuropsychological monitoring at the subcortical white matter level has been proposed, but until presently it has been mainly described in unique case studies of particular patients. 12, 14, 15, 29 In the present study, we focus on monitoring arcuate fasciculus (AF) function, considering its crucial role in the correct transfer of information and conversion of sounds (phonology) into articulatory output patterns (language production).
The AF is a white matter bundle connecting posterotemporal, inferoparietal, and prefrontal (mostly premotor and inferofrontal language-related) regions. 6, 7 Broadly understood, the AF plays an important role in language learning, 24 singing and musical training, 18 speech production, 26 repetition, 36 and phonological processing. 47 According to the classic models of language organization, this tract connecting the Broca and Wernicke areas ("long segment of the AF" in the current nomenclature) has been associated with language repetition, and its disruption is related to the symptoms associated with conduction aphasia. Considering the proposed dual stream organization of language processing, the AF forms a crucial part of the so-called dorsal language pathway, which is related to the mapping of sounds into their articulatory representations. 20, 40, 46, 57 Bearing in mind the importance of the AF in preserving language competence postoperatively, we aimed to evaluate for the first time to what extent a nonword repetition (NWR) task might allow more reliable mapping of functions related to the AF, both preoperatively and intraoperatively. The importance of the repetition of real words in intraoperative monitoring was highlighted by MoritzGasser and Duffau in 2013. 29 However, the repetition of words might be accomplished using redundant and preserved lexical retrieval pathways that are not directly associated with the recruitment of the dorsal language pathway mentioned above. This is not the case for NWR, as no lexical trace exists in memory, and therefore the auditory nonword representation must be transformed directly into an articulatory representation without the mediation of existing vocabulary. In the present study, nonwords were created using letter substitutions in real words and following Spanish phonotactic constraints, resulting in nonwords that were easy to articulate. Nonwords are considered useful when exploring language mechanisms in patients presenting with syndromes such as poststroke aphasia, 3 primary language impairment, 28 specific language impairment, 9, 17 hearing impairments, 21 stuttering, 4 Alzheimer's disease, 31 or semantic dementia. 22 We tested the role and reliability of an NWR task as an indicator of AF integrity in comparison with standard word repetition (WR) and picture-naming tasks. We evaluated its usefulness in a systematic case study of 12 patients harboring intrinsic brain lesions and undergoing awake brain surgery. Task performance was combined with the precise location of the AF using neuronavigation.
Methods sample
During the period between 2012 and 2014, 12 patients (9 males) in the Neurology Ward of the Hospital Universitari de Bellvitge, Barcelona, Spain, were included in this study. Criteria for inclusion were an age between 18 and 65 years, a minimum score of 60% in the homemade picture-naming task, and surgical exposure involving the cortical terminations and/or white matter connection of the left AF. Four patients harbored low-grade tumors; 6 patients, high-grade tumors; 1 patient, metastasis of the parotid gland; and 1 patient, a cavernous angioma (Table  1) . Patient ages ranged from 18 to 64 years (mean ± SD, 44 ± 15.7 years), and their education ranged from 6 to 14 years (mean 10.42 ± 2.54 years). Ten patients were righthanded and 2 were left-handed according to the standard Edinburgh Inventory (right-handedness was not an inclusion criterion since the dominance for language was further confirmed by presurgical functional MRI assessment). Each patient signed informed consent to participate in this study, and the ethics committee of the hospital approved the protocol.
brain imaging Data
Anatomical (T1-weighted and diffusion tensor) images were collected at the Hospital Universitari de Bellvitge before surgery. The MRI equipment consisted of a Philips Intera 1.5-T system with a maximum field gradient strength of 76 mT/m. High-resolution T1-weighted images were acquired using the following parameters: slice thickness 1.1 mm, number of slices 150, TR 25 msec, TE 4.6 msec, flip angle 30°, matrix 320 × 320, FOV 240 mm, and voxel size 0.75 × 0.75 × 1.1 mm. Diffusion tensor imaging (DTI) data were obtained using a single-shot echo planar imaging sequence. Diffusion gradients were applied along 16 directions using a b-value of 0 and 800 sec/mm 2 . The DTI sequences were acquired in the axial plane with 60 contiguous sections, a 2-mm section thickness (voxel size 1.63 × 1.63 × 2 mm), no intersection gap, TR 15,600 msec, TE 79 msec, FOV 170 × 234 mm 2 , and matrix 84 × 117. These sequences allowed the assessment of presurgical damage and supported intraoperative neuronavigation.
We calculated lesion volume by creating a binary mask outlining the lesion's precise location in the MRIcron software package 43 in the native space of the 3D T1-weighted images (Table 1) and by multiplying the number of voxels composing the lesion by the voxel size. Further, we normalized the lesion mask to the Montreal Neurological Institute (MNI) space and overlapped them for visualization purposes (Fig. 1) . To verify in which patients the lesion may have involved the AF, we followed the methodology described by Thiebaut de Schotten et al., 52 using the Tractotron software. For this purpose, we manually delineated the lesions in the native space of T1-weighted images of the patient brains using MRIcron software and then normalized them to the MNI coordinates. Further, the normalized lesion maps were compared with an a priori MNI atlas depicting the distribution of white matter tracts in normal brain. 8, 51, 52 This DTI atlas provides a probability for each voxel to belong to a specific tract in the MNI space and can be used for a voxel by voxel comparison between the brain harboring a lesion and the template of white matter tract distribution. The tract is considered to be disconnected if the overlap between a lesion and the atlas-derived tract coordinates surpasses 50% (chance level).
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Diffusion tensor imaging Dissections
Virtual in vivo DTI dissections of the 3 segments of the AF were performed in the native space using the color fiber-orientation fractional anisotropy maps implemented in the TrackVis software. 55 Tracts were delineated using the 2 regions-of-interest (ROIs) approach and according to a previously reported methodology. 6, 7, 53 The 2 ROIs approach permitted visualization of the fibers that connect 2 specific brain regions. In this study, the ROIs were delineated according to each patient's individual brain anatomy, and their size was limited to these specific anatomical landmarks; however, in patients whose normal tract trajectory was displaced by tumor, the ROIs were enlarged or moved following the color-coded map guidance (Supplemental Figure A) . Moreover, while connecting the 2 ROIs, the fibers were not constrained to end within the ROI; they were allowed to freely project until they reached the cortex. The first ROI was delineated in the coronal plane, anteriorly to the coronal fissure. The bundle of fibers appearing in green in the color-coded map was delineated using a circular hand-drawn 2D ROI just before the fibers turned to meet the cortex (frontal ROI). A similar, 2D hand-drawn ROI was then placed in the axial plane encompassing the fibers descending to the posterior temporal lobe through the posterior portion of the temporal stem (blue fibers in the color-coded map; temporal ROI). Finally, the parietal ROI was placed in the sagittal plane around the angular and supramarginal gyri. This last ROI was also 2D and limited only to these particular gyri.
Each segment of the AF was defined by the combination of 2 of these 3 ROIs. The fibers passing through the frontal and temporal ROIs were classified as the long segment of the AF (red), the streamlines passing through the temporal and parietal ROIs constituted the posterior segment of the AF (yellow), and the streamlines passing through the frontal and parietal ROIs formed the anterior segment of the AF (green; Fig. 1 and Supplemental Figure A) .
electrical stimulation Mapping
In the cortical ESM procedure, we followed the guidelines proposed by Ojemann et al. 32 and described in our previous publications. 48, 49 At the subcortical level, tumor resection and stimulation of the adjacent structures were achieved using a cavitron ultrasonic surgical aspirator 
(CUSA). The CUSA is composed of an ultrasound generator, a sucker, and an irrigator that together form an ultrasonic dissector/aspirator selective for tissue with high water and low collagen content and serves as a fundamental tool for the surgical removal of tumors. 5 Moreover, it has also been seen to cause stimulation of tissue adjacent to tumor comparable to the stimulation induced by the Ojemann cortical stimulator in ESM. Carrabba and colleagues reported that the CUSA provoked a transient inhibition of motor function during brain tumor removal in a 44-yearold patient harboring recurrent oligoastrocytoma. 5 In this patient, continuous multichannel electromyography recorded motor responses each time the CUSA was turned on in the vicinity of the motor tracts; if the device was turned off, the response faded. The exact neurophysiological mechanism of this interference remains unclear, but the transient inhibition of axonal conduction has been proposed as a possible explanation. The important advantage of CUSA stimulation is that neuropsychological assessment can be performed simultaneously to tumor resection; thus, there is no need to prolong the real time of the operation. The authors reported that their case study on motor function was designed in an attempt to explain the occurrence of language errors during CUSA-aided tumor removal simultaneous to speech assessment. The present study follows this rationale in trying to explore how CUSA stimulation of language tracts adjacent to tumor may be controlled through the suitable selection of intraoperative tasks. It is important to disentangle differences in the performance of language tasks depending on whether the CUSA induced a transient inhibition of the tissue adjacent to tumor or, when the damage is irreversible, if the tract was infiltrated by tumor. We addressed this issue in Table  1 by indicating the tract alteration patterns assessed in the presurgical in vivo DTI dissections. Note that spared tracts or preoperative deviation (without infiltration) patterns in at least 1 of the 3 AF segments were observed in 9 of 12 patients (1 DTI data set was missing). The degeneration, infiltration, or interruption patterns were observed in 5 of 11 patients (Patients 2, 7-9, 12). One of these 5 patients harbored a very small cavernous angioma (Patient 7) at a considerable distance from the lesion, so it is possible that the absence of the long segment of the AF is attributable to another etiology. Importantly, the remaining 4 patients presenting with the degeneration, infiltration, or interruption patterns were harboring the fast-growing lesions.
During the operation, both anatomical and functional monitoring were performed. Surgeons controlled the precision of the removal by using a neuronavigation system (BrainLab), and neuropsychologists controlled language function using appropriate language processing tasks. Neuronavigation allowed monitoring of the location using both anatomical T1-weighted images for the gray matter sulci and in vivo DTI reconstructions for white matter subcortical fasciculi. Each time the level of the AF vicinity was reached during the operation, the repetition tasks were administered to the patient simultaneously to the CUSA action.
neuropsychological assessment
Standard neuropsychological assessment was performed in the Neurology Ward of Hospital Universitari de Bellvitge before and after surgery. In this protocol we included measures of handedness (Edinburgh Inventory 34 ), verbal comprehension (Token Test   11 ), semantic (animals) and phonological (letter p) verbal fluency, 16 attention and working memory (Digit Span from the Wechsler Adult Intelligence Scale 56 ), and naming (Boston Naming Task 16 ). Moreover, to screen patients for the surgical procedures, we designed a simplified version of the picture-naming task, which was composed of 60 black and white drawings selected from a standard stimuli database. 
tasks: wr and nwr
The WR and NWR tasks were both designed to control phonological processing. For the WR task, 40 Spanish words were selected from the LEXESP database. 10 Twenty-eight of these words were bisyllabic and 12 were trisyllabic; all of them were selected to diversify their frequency (mean estimated lexical frequency 19.25 ± 19.07/million words in the LEXESP corpus). The nonwords were derived from the aforementioned set of 40 words, respecting Spanish phonotactical rules and using letter substitutions; for example, from the real word "camisa" (shirt) we created a nonword "lavica." We screened the patients for their repetition abilities before surgery by using the complete set of 40 words and 40 nonwords. During the repetition task, a female experimenter read the items aloud, and the same task was performed before, during, and after surgery. The word or nonword was considered correctly repeated if each single phoneme was reproduced in exactly the same manner as the experimenter within 3 seconds of the stimulus presentation. Self-correction was not scored, and a single repetition of stimuli was allowed on the patient's request (and when an uncontrolled external noise occurred in the consulting or operating room). An audio recording of task performance was obtained. After the presurgical assessment, all items incorrectly repeated were excluded from the intraoperative set, so the errors observed during surgery were most likely provoked by the intraoperative manipulations and not by other factors. To obtain data on WR and NWR task performance from participants free from neurological conditions, we performed both tasks in a group of 30 healthy native Spanish speakers (mean age 29.4 ± 6.22 years, 20 females).
statistical analysis
We tested potential differences in each patient's performance in the WR and NWR tasks at 3 time points: before, during, and after surgery. When testing these withinparticipant measures, the nonparametric Wilcoxon test for paired samples was used. To explore the relation between lesion volume and scores on a particular repetition task we used the Pearson correlation coefficient. All these statistical tests were 2-tailed with a critical p threshold of 0.05. To test whether the relationship between WR and NWR performance in healthy subjects significantly differed from that in patients, we ran a mixed repeated-measures ANOVA with a within-subject factor (that is, stimulus type: WR and NWR) and a between-subjects factor (that is, group: patients and healthy subjects). This interaction was further analyzed with 2 post hoc t-tests corrected for unequal variances. Statistical analyses were performed using SPSS PASW Statistics 18 (PASW Statistics for Windows, SPSS Inc.).
results lesion sites
Visual inspection of the presurgical neuroimaging data confirmed that patient's lesions were located in the areas including the AF, its cortical terminations, or within the adjacent white matter ( Fig. 1 and Table 1 ). In addition, we used Tractotron software to estimate the percentage of probability of AF damage (based on the distribution of voxels defining the lesion within the MNI space 52 ). Overall in our sample, the probability of damage to the long segment of the AF was 85.17%, 54.5% to the anterior segment, and 80.5% to the posterior segment (Table 2) . While considering each patient individually, we observed that the probability of the disconnection of at least 2 segments surpassed 50% (chance level) in all patients except Patient 7. However, bearing in mind that the virtual in vivo dissections in this particular patient revealed that the left long segment of the AF was missing (and thus the more important the mapping of the remaining 2 segments), we decided to include her in the final sample. In a considerable number of patients (Patients 1, 2, 4, 5, 10, and 12), the results from Tractotron indicated a probability of damage near 100%, but indeed the tract was preserved. On these occasions, it is important to account for the fact that the Tractotron software permits one to calculate the probability of tract disruption assuming that the tracts are placed within coordinates based on the atlas of the normal sample. In a brain harboring a tumor, the tracts are often displaced (Table 1) , which implies that, according to Tractotron, the tracts can be considered as disrupted simply because they are not situated in their correct position.
intraoperative wr and nwr Performance
As expected, during surgery patients committed significantly more errors on the NWR task than the WR task (mean percentage of errors: WR 9.04 ± 17.14 vs NWR 29 ± 8.9, Z = 2.67, p = 0.008; Fig. 2) . Note that the occurrence of intraoperative phonological errors on the standard picture-naming task was virtually absent in all but 3 patients (overall mean percentage of errors 0.49 ± 0.75). Interestingly, 2 (Patients 11 and 12) of the 3 aforementioned patients were unable to repeat any of the target words and nonwords during tumor resection; thus, these tasks were not used intraoperatively in these 2 cases. Nevertheless, to continue intraoperative monitoring, the neuropsychologist used the standard picture-naming task, in which the proportion of phonological errors (paraphasias) was very high for both patients (Patient 11: 18.52% and Patient 12: 17.22%; these scores are indicated by a black dashed circle in Fig. 2 ).
Presurgical and Postsurgical neuropsychological assessment
As shown in Table 3 , presurgical performance on the NWR task was more impaired than on the WR (presurgery: Z = 2.94, p = 0.003). Importantly, we observed that the lesion volume predicted the level of preoperative impairment on the NWR task (r = 0.58, p < 0.05; Fig. 3) but not on the WR task (r = 0.49, p > 0.05). After surgery the same WR and NWR tasks were performed in patients to control for possible postoperative changes and revealed that at the group level there was no significant deterioration in any of the language repetition measures (WR and NWR). However, after surgery the patients again committed more errors on the NWR task than on the WR task (Z = 2.81, p = 0.005). Standard neuropsychological assessment scores for the patient group both before and after surgery are presented in Table 3 . Importantly, a comparison between these standard neuropsychological measures preand postoperatively did not reveal statistically significant differences (Z < 1.49, p > 0.14). The performance of repetition tasks by a group of 30 healthy subjects was flawless on the WR task (100% accuracy) and virtually perfect on the NWR task (98.6% accuracy); compare these results to patient group performance before surgery: 98.5% accuracy on WR and 79.8% accuracy on NWR. A comparison between patient group and healthy group performance using mixed ANOVA revealed that there was a main effect of stimulus type (WR vs NWR, F [1, 40] = 72.82, p < 0.001) and group (patients vs healthy subjects, F[1,40] = 46.86, p < 0.001). There was also a significant interaction between stimulus type and group: F(1,40) = 53.797, p < 0.001.
An additional analysis showed that the difference between WR and NWR error rates was significantly higher in the patient group than in healthy controls (t[11.1] = 4.61, p < 0.001). * Calculated using Tractotron and according to the presurgical lesion masks delineated on anatomical T1-weighted MR images. The tract may be considered as disconnected if the probability of its damage surpasses 50% (chance level; see Results for the reason for including Patient 7 in the final sample). † Mean ± standard deviation.
Fig. 2.
Intraoperative (upper) and postoperative (lower) error rates on the WR, NWR, and picture-naming tasks (phonological paraphasias). Note that Patients 11 and 12 (black dashed circle) were unable to perform the WR and NWR tasks intraoperatively, while at the same time presenting the highest level of phonological paraphasias in the picture-naming task and a severe postsurgical impairment. Note also that a great number of patients did not produce errors in the WR task, as opposed to the NWR task, which also showed greater intersubject variability. 21.2 ER = error rate (%); Post = postoperative; Pre = preoperative; RS = raw score; SD = standard deviation; SS = scaled score (Spanish-, age-, and education-adjusted normative data); WAIS III = Wechsler Adult Intelligence Scale.
* Error rates in healthy subjects, for comparison: 0% for WR and 1.42% for NWR.
Discussion
Here we report on a systematic case series of 12 patients whose surgical intervention was related to the risk of AF integrity disruption. Within this patient group, we detected significantly more errors using the NWR task than the WR task (pre-, intra-, and postoperatively). These results may indicate a greater sensitivity of the NWR task to a possible white matter disruption during surgeries involving the perisylvian language areas and are in line with the observations by Moritz-Gasser and Duffau, 29 who stated that the repetition of real words was inefficient for effective AF monitoring.
Nonwords bearing no semantic content make the repetition slightly more difficult even for healthy subjects. However, we observed that the difference between WR and NWR is significantly more pronounced in patients harboring a brain lesion in the left perisylvian languagerelated areas than in healthy subjects.
Importantly, lesion volume (note that the lesions were located in the AF vicinity; Fig. 1 ) in our patients significantly predicted the error rate on the presurgical NWR task. These results converge with those of a previous study in which the impairment of speech production was associated with a left AF lesion load (extent of overlap between the AF and the patient's lesion 26 ) and indicate that the bigger the lesion, the more prominent the impairment of the functional network.
Hitherto, the loss of AF integrity during brain surgery was mainly detected using the conventional picture-naming task and was related to the appearance of phonological paraphasias during low-grade tumor resections.
14 Although this evidence converges with our results, it is important to note that in our patients, the naming task allowed the detection of phonological paraphasias intraoperatively in only 3 severe cases (2 of which co-occurred with the total loss of repetition capacity, precluding the intraoperative assessment of repetition in Patients 11 and 12) . Therefore, these results suggest that the widely used intraoperative picture-naming task should be complemented with other language tasks that more specifically target language processes supported by specific white matter pathways, as was the case in the present study of the AF and NWR. Importantly, it was previously observed that AF injury is related not only to repetition impairment, but also to difficulties in other language domains. For example, radiationinduced tissue necrosis damage to the AF acquired after the age of 5 years led to poor performance not only in NWR, but also in verbal working memory and reading. 39 Additionally, Shinoura et al. 47 reported that in 3 patients harboring a lesion affecting the AF, "almost all language functions closely related to phonology were damaged." Finally, a recent lesion study in 8 patients having poststroke damage within the vicinity of this tract revealed selective auditory repetition difficulties across the entire sample. 36 Classically, AF disruption has been associated with repetition impairment observed in conduction aphasia (CA), and interestingly patient performance in repetition may differ depending on whether they are confronted with words or nonwords. For example, Berthier and colleagues 3 reported on a stroke patient with CA who repeated words normally but could not repeat nonwords. Beforehand, McCarthy and Warrington 27 observed that 2 patients with long segment AF damage and diagnosed CA repeated better if the task required active semantic processing, whereas their passive repetition was hampered. To explain these differences the authors proposed that the repetition of material differing in its semantic content might rely on distinct neural mechanisms. In this sense, the dorsal pathway (and thus the AF, in forming part of it) would be in charge of phonological processing, and the ventral pathway would be related to the processing of semantic information (dual pathway model for language processing 20, 40, 46, 57 ) . Along the same line, we believe that, to some extent, our WR and NWR tasks may be useful when testing this model intraoperatively, and we suppose that the quantitative differences in scores between WR and NWR may be in some way related to the dual pathway organization for language processing.
Interestingly, and challenging the classically accepted association between repetition and AF white matter, some authors have reported that the symptoms representative of CA may be elicited by the electrical stimulation of the sylvian parietotemporal (Spt) region, already at the cortex level. 1, 37, 38 However, in contrast to these electrical stimulation results, a study by Parker Jones and colleagues 36 revealed that in 8 patients presenting with selective difficulties in repetition, the Spt region was damaged in only one of them, whereas there were lesions affecting the vicinity of the AF in the entire sample.
From a clinical point of view, our study reveals that WR, NWR, and picture-naming tasks differ significantly in their ability to detect language production errors during intraoperative stimulation of the AF vicinity, with the NWR task being the most sensitive to possible AF damage. Moreover, our clinical observations indicated that this error detection capacity is not only gradual, but is also discontinuous in the sense that in certain cases a patient could lose the ability to correctly repeat nonwords before being unable to repeat real words (most probably using compensatory lexical-semantic brain pathways). Moreover, in 2 patients, we observed a large number of phonological paraphasias during picture naming once these patients had totally lost their ability to repeat. Bearing these observations in mind, we believe that it may be important to alternate the use of picture-naming tasks with WR and NWR tasks to localize functional AF sites. Increasing the error detection rates may enable adequate mapping of the critical AF parts and limit further resection by the neurosurgeon. Intraoperative monitoring of the AF seems to be crucial as this white matter tract has been associated with several cognitive functions such as language learning, musical training, phonological working memory, reading, WR, and NWR.
One could argue that the patients' lesions were not limited solely to the AF; thus, the present results could be related to a more complex pattern of disruptions. However, we need to account for the fact that in a clinical practice it is extremely unusual to meet patients with lesions compromising single structures, and we aim to design a neuropsychological assessment protocol adjusted to real clinical demands. Since the aforementioned limitation is especially valid in patients harboring sizable lesions, we added lesion volume as a regressor in our analysis, revealing a strong relationship with preoperative NWR score.
While defining the structures involved in the observed pattern of neuropsychological impairments, we relied on preoperative T1-weighted MRI and DTI, intraoperative stimulation via the CUSA, and intraoperative neuronavigation. Each of these techniques presents its own set of limitations.
First, in relation to preoperative brain imaging, it is important to mention that in brain tumors we need to account for the possible signal distortions as well as the reliability of the ROI placements in the virtual in vivo dissections. To respond to these limitations at least partially, we performed a meticulous visual inspection of fiber alteration patterns, always accounting for the tumor speed of growth, tumor size, and tumor type ( Table 1 ). The virtual in vivo DTI dissections were all performed by the same experimenter and according to a very strict, previously reported set of constraints.
Intraoperatively, involvement of the AF in surgical manipulations (both resection and adjacent stimulation) was controlled by the conjunction of the subcortical CUSA action and neuronavigation simultaneous to a tailored neuropsychological assessment. Given previous evidence about the effects of CUSA action on tumoral and peritumoral tissues, 5 we assumed that when the tumor resection approached the vicinity of the AF, there would be a need for neuropsychological monitoring. However, if one accounts for the unclear mechanism of CUSA action in language assessment procedures and intraoperative brain shifting, our approach may still lack sufficient precision. To strengthen the evidence for a relationship between AF integrity and NWR disruption, a new protocol for more precise anatomical guidance must be designed. Moreover, the present results should be compared with the performance of patients whose lesions spare AF integrity (for example, right hemisphere lesions). We believe that in this manner NWR may substantially add to our understanding of the neural basis of models of auditory WR and NWR (the paths mediating the transformation of auditory input into articulatory output patterns) and thus, in the future, diminishing the postsurgical impairment in patients harboring tumors in perisylvian language-related regions.
conclusions
In this study, 12 patients undergoing language monitoring during awake brain surgery in the left hemisphere (AF vicinity) committed significantly more errors in the NWR task than the WR or picture-naming task before, during, and after surgery, and the preoperative errors on WR and NWR tasks were significantly more pronounced in patients than in healthy subjects.
We propose the NWR task complementing the WR and picture-naming tasks as an easy and reliable screening procedure that may allow one to monitor language processing more carefully during awake brain surgery. However, to strengthen evidence of the relationship between AF integrity and NWR disruption, new protocols must be designed and this question must be addressed in future studies.
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